We proposed a three−layer waveguide as an optical sensor for homogeneous sensing applications. A guiding layer of the pro− posed structure is considered as lossy left−handed material (LHM) with simultaneously the complex negative electric permittivity e and the complex negative magnetic permeability μ. We also assume a cladding layer to have an intensity−de− pendent refractive index. Sensitivity of the proposed optical waveguide sensor is derived and its dependence on different parameters of a waveguide is studied.
Introduction
The possibility of having materials with negative refractive index was theoretically explored by Veselago in 1968 [1] . These materials were termed "left−handed materials" (LHM) or metamaterials or double negative material (DNM) and it was further shown that some of the most fundamental electro− magnetic properties of a LHM would be opposite to that of ordinary "right−handed" materials (RHM). A beam incident from a RHM to a LHM would refract to the same side of the normal as the incident beam [2] . Furthermore, it was predicted that light waves propagating in a LHM exhibit reverse Doppler effect and Poynting vector (S = E×H) in a LHM does not obey the right hand rule [3] . Figure 1 presents an example of the Poynting vector near the boundary between double positive materials (DPM) and free space Fig. 1(a) and at the boundary between double negative materials (MTMs) and free space Fig. 1(b) [4] .
Recent experimental demonstration of such materials with a negative index of refraction opens the possibility of designing novel types of devices where electromagnetic waves propagate in a nonconventional way [2] . One of the first applications of the left−handed materials was reported by Pendry who demonstrated that a slab of a lossless left− −handed material can provide a perfect image of a point source (perfect lense) [5] . Grbic et al. verified by simulation the enhancement of evanescent waves in a transmission−line network by using a LHM [6] . The stress effect on the beha− viour of the waveguide film supported by Double negative material from both sides has been studied and results show that double negative parameters improve the performance of the waveguide subjected to stress [7] . Shadrivov et al. stu− died the guided modes in negative−refractive−index wave− guides where they reveal that the guided waves in left− −handed waveguides possess a number of peculiar proper− ties such as the absence of the fundamental modes, mode double degeneracy, and sign−varying energy flux [8] . Cheng et al. studied a planar waveguide filled with two−layered equal−thickness media, in which one is air and the other is a lossy left−handed medium (LHM) [9] . They showed rigo− rously that extremely high power densities can be generated and transmitted along the waveguide. The guided modes propagating along a dielectric slab waveguide with a left handed material (LHM) cover or substrate have been stu− died in Ref. 10 . They found that guidance properties are strongly dependent on the dielectric permittivity e and the magnetic permeability μ of the substrate and cover layers.
MTMs are used in a variety of application including fab− rication of new devices such as microwave antenna, modu− lators, couplers, band−pass filters, and superlenses. More recently, MTM it is used to fabricate a femtosecond laser for high frequency microwave devices [11] . In a different study, the temperature sensitivity of TE double−negative metamaterial optical sensor is utilized [12] .
The applications of slab waveguides as optical sensors have drawn considerable attention in the past few years. The use of optical waveguides as optical sensors offers nume− rous advantageous features such as small size, ruggedness, potential for realizing various optical functions on a single chip (integration with other optical components), multi−cha− nnel sensing etc. [13] . In one class of commonly used opti− cal waveguide chemical sensors, an analyte (the material to be detected) is placed in the evanescent field of the wave− guide. As a result of the presence of the analyte, changes take place in the absorption or in the phase of the electro− magnetic wave propagating in the structure. Measurement of this change between the analyte and a reference material is used to determine the change in the effective refractive index N of the waveguide structure. The measured change in the effective refractive index allows one to determine the refractive index of the analyte through the characteristic equation of the optical waveguide structure.
Optical waveguide sensors have been used in a wide range of applications such as detection of harmful gases (methane, SO 2 ) [14] , monitoring pollutants and other com− pounds in water [15] , pH detection [16] , and detection of certain chemicals in blood [17] .
The main aim of this work is to propose a novel optical waveguide sensor utilizing a loosy LHM as a guiding layer in an attempt to improve the sensitivity of the conventional optical waveguide sensor. The LHM with both real and complex parameters are considered in this study. The sub− strate layer (cladding) is also assumed to have a nonlinear behaviour. Next section will cover the theory of the pro− posed sensor. In Sect. 3, the results are presented and dis− cussed. Conclusions are given in Sect. 4.
Theory
In this work, we consider a waveguide (Fig. 2) We also consider s-polarized waves propagating in the z-direction so that, the electric and magnetic fields take the 
Solving the above mentioned equations [Eqs.
(1), (2), and (3)], we get the fields in each layer as follows. For the cladding layer x > 0, the field distribution is
where x 0 is the constant related to the power propagating in the waveguide. More specifically, the field peaks in the cladding layer at x = x 0 [18] . In the film, 0 < x < -t, the field distribution is
And the field distribution in the substrate, x < -t, is The nonzero components of the magnetic field can be easily calculated from Eqs. (4), (5), and (6). Applying the boundary conditions at x = 0 and x = -t that is the continuity of the tangential components E y and H z , we obtain the cha− racteristic equation 
The basic sensing principle of the planar optical wave− guide sensor is to measure changes in the effective refrac− tive index N due to changes in the refractive index of the cladding medium n c . Therefore the sensitivity S of the opti− cal waveguide sensor is defined as the rate of change of the effective refractive index under an index change of the cover ( ) S N n c = ¶ ¶ [19] . Differentiating the characteristic equation given by Eq. 
Results
Characteristic Eq. (1) is solved numerically to obtain the effective refractive index N. Then, sensitivity of the pro− posed waveguide sensor is found by solving numerically Eq. (6). In our analysis, the free space wavelength l is con− sidered to have the value of 1550 nm, and the fundamental mode for which the mode order is zero is considered since it has the highest sensitivity [19] . Figure 3 shows the real part of the sensitivity of the pro− posed sensor vs. the real part of the guiding layer per− mittivity at t = 100 nm and μm = -μ o (m = -1). The real part of the sensitivity starts at small value 4.4 at Re(e m ) = -6.0, then it has a peak about 5.05 at Re(e m ) = -4.5, and decays to 4.4 at Re(e m ) = -3.5.
The dependency of the sensitivity on the value of the permeability is displayed in Fig. 4 . The calculation is repeated at different values of the ratio between the cladding permittivity and the film permittivity a c . Figure 4 shows that for large values of m , the sensitivity is high where a rela− tively large part of the total mode power propagates in the cladding. In the other limit, where m is small, the sensitivity approaches zero because the power is confined in the film. Consequently, the sensor probes the cladding side only. Figure 5 shows the real part sensitivity of the proposed sensor as a function of real part of the clad−film interface nonlinearity aE o 2 2. The real part sensitivity increases with increasing clad−film interface nonlinearity. This behaviour is attributed to the following considerations: as the nonli− near coefficient a increases for self−focused nonlinearity case, the permittivity of the cladding increases; hence, the fraction of total power flowing in the cladding is enhanced. Moreover, as the squared field magnitude at the clad−film interface (representing the intensity at the clad−film inter− face) increases, the evanescent tail in the cladding increases and the sensitivity of the sensor increases too. The variation of the sensitivity with the term tanh(k 0 q c x 0 ), which arises from the nonlinearity of the cladding, is plotted in Fig. 6 . The curve is plotted at different values of the complex ratio between the cladding and the film permittivity a c . As the term tanh(k 0 q c x 0 ) goes to unity, we obtain the well−known characteristic equation for linear waveguide. The figure shows the sensitivity to have its minimum value as tanh(k 0 q c x 0 ) goes to one, the linear cladding. Thus, we con− clude an optical sensor with nonlinear cladding can enhance the sensitivity of conventional linear sensors. Also we can see that at higher values of a c the sensitivity increases. In Fig 7, the sensitivity of the proposed sensor vs. the thickness of the guiding layer when a c = -0.30 + 0.001i and a c = -0.35 + 0.001i and a s = -0.30 + 0.001i. In the proposed structure, the sensitivity starts at a nonzero value at cut−off thickness and increases with t to reach maximum at a certain value of t, decays to lower values for large values of t. It also has larger values as a c increases. This behaviour is similar to that seen in reverse symmetry waveguide sensor (n s < n c ) which exhibits much higher sensitivity than the conven− tional waveguide sensor.
For comparison, the sensitivity in three−layer conven− tional waveguide sensors is plotted for a s = 0.5 in which it starts at zero value at cut−off thickness, has a peak at a spe− cific value of t, and decreases again for larger values of t [21] . It is clear that the proposed structure has a larger sensi− tivity than the conventional sensor.
Conclusions
We have proposed a novel three−layer optical waveguide sensor with a loosy LHM as a guiding layer and a nonlinear cladding layer. The sensitivity of the proposed sensor de− pends on the parameters of the LHM. Results show that the sensitivity has enhanced by tuning the parameters of the LHM. Loss is considered in our calculation and results show that it also contributes in controlling the behaviour of the sensor. The authors believe that LHMs can contribute to the optical sensing field to improve the sensitivity of the con− ventional three−layer optical waveguide sensors.
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